This paper discusses the conditions for the formation of red sandstones, to some extent from the point of view of field geology, but mainly from that of laboratory experiment. Field observation made in the Tyne valley confirmed a suggestion made to me by Sir Robert Robertson that, in some cases at least, red sandstone may derive its iron from chalybeate water, which is a solution of ferrous bicarbonate. Starting with this idea, it was found by experiment that red or yellow sandstone could be produced according to the circumstances under which the chalybeate water deposited its iron. If the chalybeate water is evaporated on the surface of a solid body, whether a sand grain or the surface of a glass bulb, a red coating results. The same occurs when evaporation occurs in air from an undisturbed liquid surface, a red skin forming on the liquid. If, on the other hand, the liquid is agitated with air, as in a stream in the open, a light yellow precipitate forms throughout it. This when formed settles down as a yellow deposit on sand grains, twigs, or other solid surfaces, or on solid sandstone rocks.
The colour of the rocks in red sandstone districts contrasts very strikingly with the yellow' colour of the clays and sandstones in the home counties in the neighbourhood of London. In both cases the colour is, of course, due to iron, and the question presents itself : W hat are the essential physical conditions for the production of red sandstone rather than yellow ? Guided by advice from the Geological Survey, I have searched the literature for any account of what the essential conditions are, but after con sulting a large number of memoirs on the subject of the formation of red rocks, I was not able to find any account of laboratory experiments directed to this question. Preliminary tests were made to find at what temperatures yellow ferrugineous materials, e.g. London clay, brickearth, yellow flints, would begin to go red. They were not found to do so below about 200° C. Apart from volcanic action, such temperatures are not met with on the earth's surface. The record high temperature is said to be 56° C, recorded in Tripoli. As a modest contribution to the subject I wished to discover some method by which red sandstone could be produced in the laboratory without making use of temperatures higher than those met with in the tropics; to use only materials which nature is known to provide; and at the
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[ 411 ] same time to distinguish as clearly as might be between the conditions which would give yellow sandstone and red sandstone respectively. If such a method were found it might at least afford a possible answer to the problem set by nature.
My attention was first turned to the solution of ferrous bicarbonate by Sir Robert Robertson, who kindly interested himself in the m atter and gave me various useful references. This solution, analogous chemically to calcium bicarbonate, occurs in chalybeate springs. The presence of such springs is recognized by the bright yellow precipitate of ferric hydrate which separates out as they emerge from the earth and spread out into the open. They are numerous in Northumber land in the valley of the Tyne, or rather of its tributary known as the Corburn, which flows into it at Corbridge. There is probably nothing very notable about these particular chalybeate springs, but circumstances made them easy of access to me. The springs I have examined are at Halton Castle, and along Aydon Dene, just below Aydon Castle.
The local (carboniferous) sandstone, such as th at from the quarry near Beaufront Castle, while occasionally almost colourless, is usually yellow or brown or dark brown. Sometimes the coloured layer is rather superficial. Sometimes it is vein-like, following what has been a crack in the rocks. The chalybeate water issues from the ground and stains the sandstone in this quarry, and, after examining it, I could scarcely doubt that the sandstone of the district generally, when coloured yellow or brown, derived its colour from chalybeate water.
I have said that the stone is yellow or brown, but occasionally, as in Halton chapel, red pieces are seen, which superficially, at any rate, resemble the colour and appearance of old red sandstone, or other red sandstone formations. I also collected a hand specimen in which the ordinary yellowish brown colour is seen to merge into red. This was from a heap of broken stone by the roadside. So far as I have been able to learn, Halton chapel was probably built of stone from a quarry now overgrown and almost forgotten at Carr Hill close by. I was able to find one deep red-coloured piece in the sandstone there, but its relation to other pieces, and to the undisturbed rock, could not be clearly traced. The red is rather rare and apparently quite sporadic, but its occasional presence along with the brown seems to make it very probable th at its colour too is due to chalybeate water, and I am tempted to generalize and to lean to the view that the same is true of all red sandstone formations.
These field observations probably contain little th at is new to geologists. Any value they may have depends upon the laboratory investigation which follows. The problem now became this-to specify methods whereby sand could be coloured red or yellow at pleasure, using chalybeate water as a source of iron, and avoiding the use of temperatures higher than about 50° C. The cementing of the sand into sandstone might be taken for granted.
The work was continued in my laboratory in Essex where no natural chalybeate water was conveniently available and artificial chalybeate water was substituted. It was prepared by the method of G. T. Moody (1906) , distilled water being allowed to stand over a mass of fine iron wire, and carbon dioxide passed in for a day or preferably more. Moody obtained a solution containing 0-225 g. FeO/1. in 20 hr. and 1-39 g. in 26 days. The natural chalybeate water of Langenswalbach contains, according to Fresenius, 0-376 g. FeO/1., and is thus of about the same concentration as the artificial product made in a day or two. The latter was drawn off by a pipette or siphon, avoiding exposure to air as far as possible.
If some of the chalybeate solution is drawn off into a test-tube and carefully examined from time to time without disturbance, two things may be noticed. First a canary yellow precipitate forms in the body of the liquid, and subsides into a yellow layer at the bottom of the tube. Secondly, a skin of red colour forms on the surface, and progressively increases in thickness from day to day. To see these simultaneously for comparison, it is desirable to immerse the lower part of the test-tube in water, which mitigates the reflexion from its outer surface, and makes it easier to see the layer of yellow precipitate lying at the bottom. The true surface of the chalybeate water which is clear of the external immersion vessel can be seen at the same time, and the colour contrast of the red skin and the yellow precipitate is very striking.
If a spiral of clean iron wire is sprung into the tube, extending over most of the liquid layer, but leaving it free for observation a t top and bottom, the yellow precipitate is not formed in the body of the liquid, nor, of course, is there any eventual formation of a yellow layer at the bottom. Hydrogen is given off from the iron, and its function is presumably to maintain reducing conditions except at the top, where the air has access. The red skin still forms as before. Assuming, as it seems necessary to do, th at the yellow material is in some way distinct in composition or molecular structure from the red, we keep the red in this way free from the yellow. Since, in preparing chalybeate water, the liquid is standing on iron wire, formation of the yellow substance is not very noticeable, even if the current of carbon dioxide is discontinued. In the latter event, however, the red skin does continue to form.
If we wish to favour the formation of the yellow precipitate rather than the red skin, then the interior of the liquid should be brought into contact with air as much as possible, in other words, air should be bubbled in. Under these circumstances all the chalybeate water is soon oxidized to the yellow material, and there is no opportunity for the formation of the red skin before the dissolved ferrous carbonate is exhausted. Moderate heating, which is all that was tried, makes no difference. The same thing happens in nature when a chalybeate spring emerges into the open and the water flows away with appreciable turbulent movement. The surface gets broken up, and there is no formation of a red skin. An abundant yellow precipitate of ochre is formed.
(In some cases, however, as in a seepage of weak chalybeate water in my own garden, a thin skin does form, but not enough to show its own red colour. It gives a silvery reflexion, which is clearly the 1st order tint of Newton's scale, and it may be seen passing into tints of higher order. To observe this, leave some ordinary tap Experimental production of red and yellow sandstone 413
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water, which of course contains carbon dioxide, standing in a cast iron vessel for a day or two, and watch the reflexion from the surface.) I t appears probable that the oxidation of ferrous iron rather than the loss of carbon dioxide is the cause of precipitation. The evolution of carbon dioxide with out oxidation would presumably lead to the precipitation of ferrous carbonate, whereas the material actually precipitated is not carbonate but hydrate.
Why there should be the two different kinds of precipitate (red on the surface and yellow in the volume) there is no direct evidence to show. I t seems plausible to suggest that the surface effect is produced by contact with gaseous oxygen, and the volume effect by dissolved oxygen.
When the skin is thick enough to be detached it shows its own characteristic absorption colour, which varies according to the thickness from a pale yellow to a deep red. The thickness of such a skin may be estimated under the microscope viewing a fragment edgewise, but this method does not lend itself to the use of a high power and only a rough estimate could be made. A film of about 16/^ thickness gave a dark red. A film estimated at about 2 in thickness gave an orange colour while the average sand grain in a very dark specimen of old red sandstone only gave a yellow. The grains of a red sandstone have only a superficial layer of colouring matter, and if this is washed away with acid, colourless quartz remains, as in ordinary sand. We see then th at the coloured grains of this sand are scarcely as red, when examined by transmission, as a skin 2/i thick on chalybeate water. I t appears therefore th at the material of this skin is quite red enough to satisfy the requirements.
The colour of red sandstone is, or was, often regarded as due to haematite. The colour of the red skin as formed from chalybeate water is not due to the anhydrous peroxide: this may be proved most simply as follows. If we take a glass bead coloured with the red skin in the way described below (figure 1), and heat it in a small porcelain crucible, the bead becomes very much darker, a layer initially orange becoming dark red, and almost opaque. I t has in fact been dehydrated and converted to haematite by heating, and was not haematite initially.
This experiment of the permanent deepening of colour by heat may also be made on the sand grains coloured by chalybeate water, and on the similar red grains of the old red sandstone. However, the coloured glass beads show it much more satisfactorily, on account presumably of their smoother surface and better transparency.
The transmission of light by the chalybeate skin formed on the liquid surface may be compared directly with the transmission by haematite. Only the thinnest flakes of micaceous haematite are observed to be at all transparent. Those th at are so are about 2 yi n thickness and show only the deepest red. A chalybeate sk this thickness shows only an orange colour; it requires a thickness of some 16/f to show a deep red like the haematite flake.
Other considerations also tell against the view th at the colouring m atter of the red skin is haematite. I t has not the characteristic full red streak (i.e. colour of powder) which is given by haem atite, b u t inclines much more to orange. Further, it is hydrated to a considerable extent. The loss on ignition is some 17 % (see below). The loss on ignition by Cumberland haem atite is almost nil (0-2 % was found).
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F igure 1
The question naturally arises whether the skin which forms on chalybeate w ater is essentially different from the yellow precipitate which forms when air is passed in, for it has been seen th a t the skin too is yellow in small thicknesses. I should be glad to be able to simplify the subject by regarding these as identical. The degree of hydration does not appear to be greatly different. The chief difficulty arises in comparing the body colour and the streak. These are both much redder in the case of the skin than in the case of the yellow precipitate formed by bubbling in air. The skin ground up gives an orange streak and the sand grains in bulk well coated with it give the full red colour of red sandstone. The precipitate supplied in any quantity by chalybeate streams is pale yellow, or, on drying, brownish yellow, and in no circumstances red, whether alone or coated on sand, and it gives a yellow streak.
I t seemed probable th a t the formation of the red skin is quite independent of the depth of the liquid on which it is formed, and if so it should be capable of forming on the layer of liquid which coats any wet solid body. Further, if the wetting and drying are repeated, the layer should be progressively thickened, just as if it had been formed by prolonged evaporation from an ordinary free liquid surface.
To test these ideas, some beads formed of short lengths of glass tube were threaded on a string to form a kind of necklace (figure 1). This necklace was hung on the pulley of an electric motor with slow worm gear, so th at each bead on the necklace moved with a linear velocity of 4 cm./sec. The bottom of the necklace dipped in a vessel of chalybeate water, and the free part of the length from the liquid to the pulley (about 1 m.) and on from the pulley to the liquid was exposed to the radiation from an ordinary domestic electric stove, which dried it off. After this it was again wetted and dried and so on for as long as desired. The beads became yellow in say 15 min., then orange, then red by the thickening of the layer.
To collect the red material for analysis, a slightly modified arrangement was used (figure 2). A large glass flask 21 cm. in diameter was slowly rotated about the neck as axis with a circumferential velocity of about 6 cm./sec. It was kept hot by an electrical resistance heater inside. The chalybeate water was caused to drip upon it, at a regular rate, so th at an equatorial belt was kept covered with a film of the liquid and was constantly drying off and being replaced by fresh. In this way a solid deposit was formed on the equatorial belt, first yellow, then red, and of firm texture. After a run of some hours, it was scraped off with a safety razor blade and collected. 50 mg. or so could be made in a day.* These observations suggest a way in which either yellow or red sandstone can be produced at pleasure from chalybeate water.
To produce yellow sandstone, the sand grains are well under the surface of the liquid, which is evaporated, e.g. by the rays from an infra-red lamp,f which serves * In setting up a new arrangement of this kind, I should try a large glass cylinder in preference to the spherical flask.
t As supplied for medical purposes in the treatment of rheumatism and the like. It is merely an electrically heated source worked at a not very high temperature at the focus of a deep concave mirror.
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F ig u r e 2 for this purpose as the equivalent of tropical sunshine. The chalybeate water yields a yellow precipitate which coats the sand grains. The evaporation is, however, more quickly carried out on a water bath, and the result is the same.
To produce a red sandstone the sand grains must be only moistened with the chalybeate water, their moistened surfaces being exposed to the air, and to the heat rays from the 'infra-red lam p'. The skin, equivalent to the red skin which forms on the surface of chalybeate water allowed to stand in the open, will then form on the surface of the wet sand grains, and the process must be allowed to continue until the individual grains, mounted in balsam and viewed under the microscope, have the same depth of transmitted colour as the grains of a well coloured specimen of old red sandstone. When this has been done, such grains dried and compared with the natural sandstone grains will be found to be closely similar to them, whether viewed by transm itted or by scattered light.
The iron content of the red sandstone which it is desired to imitate can readily be determined by reducing the solution to the ferrous condition in the usual way, and titration with potassium permanganate.
The chalybeate water which is used requires no reduction, and can also be titrated with permanganate. It was thus found th at the selected sample of old red sand stone contained 0*365 % of iron, and that the chalybeate water, as I prepared it, contained 0*138 g. Fe/1. Thus, to make an artificial red sandstone comparable with the natural, we should expect th at 26*4 c.c. of the chalybeate water would be required per gram of sand.
Some such quantity of chalybeate water must in fact be evaporated from the wetted surface of the sand grains to get the desired effect. The sand must not be too wet, for in th at case the water covers the grains, sealing them off, and hindering the necessary evaporation from the surface of each wet grain. I have attempted to maintain the right degrees of wetness automatically. This could doubtless be done, but it is not quite easy. If we introduce the water locally, dropping from a fine glass jet, then the jet gets plugged by a slight precipitate from the chalybeate water. This can be overcome by the use of a suitably designed filter. A more serious difficulty is th at the sand gets too wet near the jet. Further out, as the chalybeate water soaks into the sand and dries up, we come to a region where there is no chaly beate water and no action. I have succeeded best by placing the sand (100 g. say) in a shallow vessel made by laying an iron hoop 10 cm. in diameter and 1 cm. high on a glass plate. Chalybeate water is added from a pipette until the sand is just wet throughout, any slight excess draining away between the hoop and the glass plate. It is then allowed to dry up completely, under the heat rays, and only then is more chatybeate water added. The additions were at about half hourly intervals.
An alternative method of keeping the sand layer moist but not flooded is to allow the chalybeate water to rise by capillarity through a sand column conveying it to a sand layer in a metal tray. The tray is warmed to 50° C in an oven. As the evaporation proceeds the sand layer becomes red where the supply of chalybeate is most abundant, and yellow further out. This arrangement perhaps represents pretty closely the way in which a sand surface is supplied with chalybeate water under natural conditions. Evaporation would occur from the exposed surface heated by the sun which I have imitated by means of the infra-red lamp, or by the oven (figure 3) maintained at 50° C.
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F ig u r e 3
Nature, working on a large scale, more easily maintains the right degree of moisture. But it may be remarked that where large exposures of red sandstone are examined, it is often, if not always, found th at the depth of colour varies from place to place, often from white up to a deep red. This suggests that accidental and local circumstances determine whether and for how long the best conditions are maintained.
In preparing the red sand experimentally, I took a specimen of old red sandstone from Dartmouth as a model of what to aim at. This was the reddest th at could be easily found there. It was broken down into sand with little loss of the iron colouring m atter and some of the grains mounted in balsam. These were viewed with a lens or low power microscope and served as a standard for the depth of colour. They were for the most part just red, rather than yellow, by transmitted light. Some sand, sifted so as to pass a sieve of 30 to the inch and to be stopped by a sieve of 60 to the inch was cleaned of all iron with hydrochloric acid, washed and dried, so as to start fair. 100 g. was taken and it was drenched with 20 c.c. of chalybeate water which was about as much as it could absorb. It was allowed to dry under the 'infra-red lam p' and then drenched again, and so on, until aboutim itate the natural sandstone of about the same grain size we must add enough iron to bring the iron content of the whole up to the same value.
When the individual grain viewed by transm itted light had been brought up to somewhat the same depth of yellow or red coloration as the grains of the natural red sandstone, then the aggregate viewed by reflected or diffused light agreed closely with it in general appearance. To verify this satisfactorily it is necessary to view the two side by side under similar conditions. I have found th a t the natural red sandstone under some conditions of lighting had an appearance very different from the mental idealization I had formed of it, and it may be well to put others on their guard on this point.
I t was found, comparatively late in the investigation, th at the individual red grains, mounted as usual in balsam, can be far better examined by dark ground illumination than by ordinary transmission. No special apparatus is required except a black central stop of 10 mm. diameter over the condenser of the micro scope. A f in. power is suitable. Narrow streaks and patches of intense blood red colour are then seen in the individual grains. The appearance is characteristic and striking, and the colour and its peculiar distribution are exactly comparable in the natural old red sandstone and in the artificial imitation. These may be mounted so as to be viewed a t one coup d'oeil under the microscope with a partition across the field of view. They were shown in this way when the present paper was read, and the comparison of natural and artificial was, I believe, found convincing. Unfortunately this mode of illumination does not give enough light for screen projection before an audience.
The grains of yellow or brown sandstone, whether natural or artificial, examined under dark ground illumination show the same distribution of colouring m atter as the red. I t is obvious th at this distribution is due to the holes and crevices in the grains, which afford a lodgement for the ferrugineous colouring matter, whether in nature or in the laboratory.
I t may, I think, be claimed that the imitation of natural red sandstone is com pletely successful.
It will be asked, what is the chemical nature of the yellow precipitate which forms when air is bubbled into chalybeate water, and wherein does the red skin which forms on a surface differ from it? I t is to be noticed that no materials are present except iron, distilled water, and carbon dioxide, so that there is comparatively little room for chemical complications. Further, on dissolving the precipitate or the red skin in hydrochloric acid, and testing with ferricyanide, no blue precipitate is obtained. Ferrous compounds may therefore be ruled out. The red and yellow products dissolve in acid without effervescence, so that there is no question of carbonates. Moreover, no such substance as ferric carbonate is known to exist. There appear, therefore, to be no possibilities left except the various ferric hydrates and it remains to find the loss of weight on ignition in order to determine the percentage of combined water. The materials have been ground up fine in an .agate mortar, and left standing over sulphuric acid, for many hours in a high vacuum. Drying by heat was avoided, because it was not desired to go into the question of the possible loss of combined water in this operation. Some doubts were expressed at the reading of the present paper as to whether free water was effectually got rid of. Personally I do not share these doubts. The production of a high vacuum is conclusive evidence. Anyone with experience of evacuating X-ray tubes and the like knows the futility of attempting it until every trace of water is gone.
Treating the yellow precipitate obtained by blowing air through artificial chalybeate water in this way, the following determinations were m ade: These values are lower than those obtained for the yellow precipitated material, though the difference is scarcely large enough for it to be possible to build very much upon it. With regard to the red material, obtained as above by evaporation of chalybeate water on the surface of a glass flask internally heated, since the chalybeate water never boiled on reaching the glass surface, it may be concluded th at the evapora tion occurred at a temperature less than 100° C.
About 20 mg. of the product were placed in a small platinum basin weighing less than 2 g., and dried in vacuo. The loss of weight on ignition was determined, using a delicate assay balance. I t was found in various experiments to have the following values: These values are decidedly lower than those obtained with the ground-up red skin, a result which may perhaps be attributed to the partial dehydration resulting from the process of drying off by heat on the rotating bulb. In this method of preparing the material, heating cannot well be avoided, since without it the process would be too slow. I t may be mentioned for comparison th a t the composition Fe20 32H20 corre sponds to 18*4 % water, and Fe20 3H 20 to 10-1 % water. The determinations of combined water were carefully carried out. The results, though fairly concordant for a given specimen, show considerable variation from one specimen to another. The conditions of drying on the surface of the rotating bulb could not be held rigidly constant, nor were the conditions of temperature well defined, since the heated surface of the bulb was in the open. There was, however, no ebullition when the drops fell on the bulb, and the temperature is believed to have been well below the boiling point. Upon the whole the statement seems justified th at the red material is somewhat, though not necessarily very much, less hydrated than the yellow. I t is at any rate very far indeed from being anhydrous.
The present work, it is hoped, shows clearly enough th at chalybeate water can provide either yellow or red sandstone according to circumstances. If the chaly beate water is churned up with air, it deposits yellow ochre, which will coat the surface of any solid, such as leaves, twigs, solid rocks or sand grains. This is the origin of yellow sandstone.
If the chalybeate water evaporates from its own undisturbed surface or on a wet glass surface, or on a wet sand grain, it leaves a film yellow in small thicknesses and red in greater ones. In this way red sandstone can be produced. Contrary to what has often been supposed, the red material, like the yellow, is hydrated, and to a comparable extent. This is the origin of red sandstone, which has nothing to do with the action of heat as, for example, in the baking of yellow clay into bricks. All this seems to be well supported by the experiments described.
Why red sandstones should be characteristic of particular geological epochs, and yellow ones of others, is a question which I do not attem pt to answer. I have limited myself to showing how they can be produced using materials which commonly occur at the earth's surface under ordinary temperature conditions. I t is hoped that this will be a contribution to the subject, and may lead to further progress in answering the mysterious questions which the geology of red sandstones presents to us.
A p p e n d i x
Further experiments on the formation of red iron oxide at ordinary temperature I t was natural to try the use of dry ferrous carbonate instead of chalybeate water (which is a solution of ferrous carbonate), the more so that pseudomorphs of haematite after ferrous carbonate are known to occur. Ferrous carbonate occurs as chalybite and also under a somewhat different form as spathic iron ore, but these substances do not show any visible signs of oxidation when finely powdered and heated in air to 100° C for 24 hr. They were therefore left out of account in further experimenting, though without prejudice to the question of what might occur in very long periods.
On the other hand, freshly precipitated moist ferrous carbonate oxidizes quickly in the air at ordinary temperature, giving yellow or brown ferric hydrate, just as chalybeate water does when exposed or allowed to dry in an open vessel.
Ferrous carbonate may, however, be precipitated in the absence of air, and dried in vacuo over sulphuric acid. I t then oxidizes in air at about 50° C (and possibly also at room temperature) to a red hydrated oxide.
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Lord Rayleigh The probability of encounters between gas molecules First, the close analogy between gases and emulsions, which was established by the experi ments of Perrin, is brought into relation with experiments by W. S. Gosset on the distribution of the square cells of a haemacytometer as to the number of particles which they contain. This analogy indicates that, in a cubic centimetre containing n molecules, the number of simultaneously existing encounters of 2 or 3 or 4 molecules in a bunch will respectively be \n 2o)x e~w c% j e~ncx)*, e~n^9
where cux is a constant of the order of 10~22 cm.3. Secondly, the problem is re-examined by a statistical argument after the manner of Bernoulli and Poisson, and various improvements are inserted. If there are nx molecules of one species and n2 of another in a cubic centimetre then, during 1 sec. of the observer's time, the aggregate duration of binary encounters between unlike molecules, all of diameter cr = 3 X 10~8 cm., is found to be nxn2Q exp { -0*79(n14-^2) where Q = a>/{ 1 -(nx + n2) <r32"d}, and oj is of the order of 7 x 10-23 cm.3. To specify a binary encounter it does not suffice to say that two molecules must m eet; for one must also say that an enormous number of other molecules must keep away from the pair. The latter requirement, although obvious when mentioned, and well known in statis tical theory, appears to have escaped notice in previous theories of collisions in a gas. The exponential factors in the above formulae express the probability that the extraneous molecules will keep away.
The treatment emphasizes those statistical proprieties, but otherwise proceeds by easy approximations; so that the better determination of a), for particular reactions, is left to experiment.
